I. Introduction
The presence of plasma in the vacuum output transmission line of a pulsed power generator can enhance or degrade the power pulse delivered to the vacuum load. The uncontrolled generation of high density plasma in the vacuum line generally degrades the coupling of the generator to the load by providing an alternative path for the generator current.
in the worst case, the entire generator current can be shunted away from the load by the plasma. Sources of uncontrolled plasma include intense UV irradiation of surfaces and plasmas from explosive field emission. However, by injection of low density plasmas into the vacuum line, the alternative current path to ground through the plasma can be controlled as a function of time, and the power pulse delivered to the load intentionally modified.
In particular, the geometry of the vacuum transmission line and the properties of the injected plasma can be chosen so that a plasma erosion opening switch (PEOS) configuration 1 is obtained, as illustrated in Fig. 1 .
Originally this configuration was successfully used as a plasma erosion switch (PES) for prepulse suppression, 2 which suggested its potential as an opening switch. 3 As an opening switch the PEOS can be used for inductive storage applications. The switch plasma conducts the generator current for some period of time, while the energy of the generator Is stored inductively in the vacuum transmission line between the generator and the plasma. At a predetermined time, the plasma will cease to act as a low impedance path to ground, and the current will be swiftly diverted to the load. This inductive The work presented in this paper treats the conduction of current through a low density ( -10 1 2 cm' 3 ) collisionless plasma injected hetween two coaxial conducting cylinders as illustrated in Fig. 1 . The plasma is injected through the anode towards the cathode with a flow velocity, VF, and is assumed azimuthally symmetric. The opening process, when current is diverted to a load, is also treated. The 2 1/2 0 electromagnetic particle-in-cell code, MASK, 5 is used to simulate the problem. Current is driven through the plasma so that the 100 kA level is reached in -5 ns. Space charge limited electron emission is allowed on the conducting surfaces and particles encountering the surfaces are absorbed. A partially transmitting boundary condition at the load end is used to simulate a terminating load impedance.
Results show that initially a narrow radial current channel forms at the generator side of the plasma. The current carrying electrons include both plasma electrons and electrons emitted from the cathode. The electrons are bent slightly toward the load by the yx B. force as they travel toward the anode where they are absorbed. Generally their early trajectories are predominately radial, but the slight bending of their orbits produces an axial 2 displacement of electrons (and space charge buildup) toward the load. Thi s results in a layer of negative space charge on the load side of the current channel and a layer of positive space charge on the generator side of the current channel and thus a strong axial electric field in the current channel.
As the current increases, electrons can then ExB drift radially across the magnetic field lines. The axial electric field is shorted out at the anode and cathode.
A At the cathode the induced radial electric field is enhanced by the electric field associated with the space charge region in the current channel. This large radial field produces the necessary electron emission f rom the cathode and radially accelerates these electrons into the current
channel.
At the anode the induced radial electric field is reduced by the electric field associated with the space charge region in the current channel. The anode end of the current channel propagates downstream toward the load, while the cathode end of the channel where electrons enter the channel (emission site), moves only slightly (depending only on the J x B force). Thus the channel orientation begins by being radial, but becomes more and more diagonal as the current increases.
The migration of the anode end of the current channel is caused by electrons Erx B. drifting axially toward the load and neutralizing the ion space charge. These electrons enter the system from the anode and fill in behind the current channel on the generator side as it moves toward the load. When the current channel reaches the load end of the plasma, the axial space charge electric field can no longer be maintained. At this time the electron flow is quickly magnetically insulated and the current is diverted to the load.
While the plasma conducts current, the current channel remains narrow (i.e., much less than the plasma width) and the current density
increases. The plasma flow velocity has little effect on the time of opening or current density. The width of the channel is determined by the amount of space charge buildup required to produce the proper electric field and the associated ExB drift velocity for current conduction. In the case of low mass density (e.g., when the ion species is protons), significant JxB axial displacement of the emission site and current channel also occurs.
As set up, this problem is designed to be the first step in simulating a low density 
experiments.
For example, experimental results 9 , 6 show that the current channel broadens as the current increases while the current density remains approximately constant. The switch opens when the current channel width reaches the full width of the plasma. The current density in the plasma is proportional to the ion flux density, niVF, at the cathode. These results are not reproduced in the simulations. There are, however, fundamental differences in the two problems. In the simulations: a) the density is an order of magnitude lower; b) the dI/dt is a factor of five larger (which is more similar to the current risetime of PBFA II); c) the timescale is an order of magnitude shorter; d) the plasma electron temperature is more than two orders of magnitude higher and e) azimuthal symmetry is imposed. The presence of anomalous collisions due to instabilities could reconcile the experimental and simulation results by allowing electrons to cross magnetic field lines and carry current radially across the switch. This would eliminate the need for the large space charge separation and electric fields found to be required in these simulations for E x B current flow. In addition the emission would spread further across the cathode than in the present simulations because the local enhancement of emission due to the large space charge separation would not be present. This collisional current carrying mechanism could give results more similar to those observed experimentally; however, it is * precluded from appearing in the present simulations because of the differences a) through e) discussed above. This mechanism will be studied in future work.
In Sec. II the numerical simulations are discussed in detail, including all assumptions and boundary conditions. In Sec. III the results of the simulations are presented.
Results are shown for different ion species, different densities, different plasma injection velocities and different current risetimes. A detailed discussion of the results is given in Sec. IV and Sec. V includes a discussion of the conclusions that can he drawn from this work. Plans for extending this work to include the effects of anomalous collisions are also discussed in the last section.
II. Numerical Simulations
The problem to be simulated deals with the conduction of current through a low density ( -10 1 2 cm "3 ) collisionless plasma injected between two coaxial conducting cylinders as shown in Fig. 1 . The opening process, during which current is diverted to the load, is also dealt with. This is the first step in simulating the low density operation of a PEOS. The 2 1/2-0 electromagnetic particle-in-cell code MASK is used to properly treat both the '1 switch plasma and the boundary emission of electrons into the plasma.
The problem is done in r-z geometry and azimuthal symmetry is imposed.
Simulations were also run in planar geometry. Aside from geome'ry. effects, the current conduction and opening process were similar; therefore only the cylindrical geometry cases will be discussed here.
The coaxial electrodes and the switch plasma form part of a circuit with a generator at the left and a load in parallel with the switch at the right.
The generator in the simulations is modeled as a current source with current rising linearly from 0 to 100 kA in about 5 ns.
The anode and cathode are perfect conductors, while the boundary at the load is given an "impedance" by specifying a transmission coefficient for electromagnetic waves incident on the radial surface. The cathode radius is 2.5 cm, and the anode radius is 5
cm. The simulation region is 12.8 cm long axially, with the plasma occupying the volume between z = 2.5 cm and z = 7.5 cm.
The regions on both sides of the plasma between the plasma and the axial boundaries are vacuum regions.
The cathode and anode boundaries are also the sources of ions and electrons.
Plasma electrons and ions are injected down from the anode between z = 2.5 cm is about c/wpe = 0.5 cm, and is easily resolved in all the simulations to ensure accurate attenuation of the fields by the plasma. In addition, the simulation region is broad enough to prevent the fields from leaking through to the load before opening.
Some numerical questions of concern include the resolution of the Debye length and the correct treatment of the electron emission region. In the next section, the results of the simulations will be discussed.
Simulations have been run at densities of n o = 5x1011cm -3 and at 1x10 1 2 cm " 3 .
The current risetime, tr, has also been varied with current reaching 100 kA in 5 ns and 10 ns. Results using both H + and C + ions are discussed as well as results using different plasma flow velocities. Parameters for the runs that will be discussed are given in Table I . An analysis of switch behavior for each run will be given and compared with the other runs. At all times the current across the switch is carried predominantly by the electrons, so that the electron particle plots can be seen to follow the current channel plots the electron motion is almost completely magnetically insulated, with more than 90% of the current flowing along the cathode to the load.
The other notable feature of the electron particle plots is the block of electrons in the upper left hand corner that defines the boundary on the generator side of the depletion layer. These electrons consist largely of electrons emitted and injected from the anode surface which attempt to neutralize the ion space charge in the depletion layer. The orbits of these electrons will be shown later in Fig. 5b . Their role in controlling the motion of the anode end of the current channel will be discussed in Section
IV.
The electron behavior should be compared with the ion particle plots seen in Typical electron trajectories in the current channel are shown in Fig. 5 at t -4 ns. Note that the cathode end of the current channel is at -4.5 cm while the anode end is at -7.25 cm. Figure 5a illustrates that the trajectories of many of the current carrying electrons are straight and that even those electrons which do execute perpendicular gyromotion can cross the A-K gap in very few gyroperiods. The importance of this observation is made clear in Section IV. The electrons in Fig. 5b are executing orbits in the region of plasma on the generator side of the current channel. These electrons attempt to neutralize the space charge in the electron depletion layer. They E x B drift axially into the depletion layer, thereby reducing the local ion space charge. Consequently, the electron current channel moves toward the load in order to maintain the space charge separation required for the E x B drift current conduction.
The differences in the behavior of the switch for the various cases listed in Table I 
IA.
A. -% '-motion of the anode end of the channel is approximately logarithmic in time.
Figure 7 demonstrates a nearly parabolic motion for the ion piston. Analytic interpretations and explanations of these characteristics will be given in the next section. 4 4 Finally, a comparison is made in Table II of the approximate times of opening for the different cases in Table I . The time of opening is defined as the point when 90% or more current is diverted to the load. This can be compared with the time when only about 10% of the current is diverted to the l oad, al so shown i n Tabl e I I. In all respects, other than timings, the current carried by the switch plasmas for the various cases evolves very much like Case 1. In Fig. 8 ,, magnetic "probe" data for Case 1 is exhibited for two probes at r -4.6 cm.
One probe 'z -2.8 cm) is just inside the upstream boundary of the original plasma configuration, the other lies close to the load (z-= 12 cm).
The probe near the load shows that the switch plasma conducts more than 90% of the current presented to it until about t a 2 ns, at which point the switch can be said to begin to open and allow more and more current to fl ow to the l oad. At t a 5 ns 90% of the current is flowing through the load. In the next section, the data presented here is interpreted and analyzed to understand the underlying physics of the switch behavior discussed in this s ect ion.
IV. Discussion
In Sec. III the results of several runs demonstrated current conduction and opening under different plasma conditions. The features that these simulations display are now discussed and compared. In Sec. III, Case 1 in Table I Because the axial electric field must vanish at the conducting cathode, another mechanism must be responsible for transporting the electrons from the cathode surface to this drift channel.
The initial radial flow of plasma electrons leave behind a region of exposed ions or gap between the plasma and the cathode at the generator side of the plasma as was seen in Fig. 3a . The space charge associated with these ions locally enhances the induced radial electric field and hence the emission of electrons from the cathode. These electrons are accelerated across this gap and enter the E x B drift channel to be carried across to the anode. In order to cross the gap the effective electron gyroradius must be large compared with the gap size.
At early times when electrons enter the E x B drift channel, they flow in a nearly force-free fashion. That is to say the force from the electric field is nearly balanced by the v x B force so that the E x B drift velocity of the electrons is much larger than the velocity associated with oscillations about the force-free trajectory (later in time larger oscillations are observed).
This force-free flow is stable in a fluid sense, in that perturbations in the current channel position produce forces which restore the channel to its original position. If the electron current channel were displaced toward the load more space charge would be produced and the electric field would be
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increased. This unbalanced electric field would pull the channel back toward the generator and its original position.
Similarly if the electron current channel were displaced toward the generator the space charge would be reduced as well as the electric field. The unbalanced v x B force would now draw the current channel back toward the load and its original position. Thus current conduction provided by the E x B radial drift of electron across the plasma is stabl e.
Consider now the space charge layer and E x B drift channel in more detail. These structures are illustrated schematically in Fig. 9a . The width of the space charge layer is controlled by the electric field required to carry the instantaneous current, I(t). The width can be estimated by assuming that an annulus of electrons of density on is displaced toward the load a distance equal to its width, w. Here %(t) r 1. The total width of the current channel and the ion layer is 2w. The resulting electric field then provides the electron drift, v -Ec/B, for current conduction with
Poisson's Equation can be used to estimate E yielding
Here z = 0 at the load end of the current channel and increases moving toward the generator. Similarly Ampere's Law can be used to calculate B as B -21z/wrc B 0o(r)z/w, 0 < z < w.
The width of the current channel is then
1/2
The drift velocity can also be expressed as vD = c(Z/1 +a) If a approaches unity, then vD approaches c/h'T.
From the simulation with C + (Case 4 in Table I ) w quickly grows to < 0.5 cm in the first nanosecond and then grows slowly while a(t) starts out small and approaches unity as I(t)
increases. At 4 ns, I -80 kA, and a -0.35, so that from Eq. (2) w -1.0 cm for n = 1012 cm" 3 and r = 3.5 cm. Thus at late times the electrons drift at nearly c/7r. This is in reasonable agreement with the simulation results.
When J x B acceleration causes significant ion motion, n actually increases in the current channel. Increased density in turn reduces the required w and/or c. This is evident in the simulations at late times (t -5 ns) for carbon ions in Case 4, and plays an important part even at early times for the proton cases.
Electron motion in the E x B drift channel can be analyzed nonrelativistically by assuming static fields and using a slab geometry. The assumption that the fields do not vary in time is reasonable because the electron gyroperiod, 2 w/Wce, is -0.1 ns and because the electrons in the current channel cross from the cathode to the anode in < 1 ns, both of which are short compared with the 5-10 ns current risetimes in the simulations. The nonrelativistic treatment and the use of slab geometry are for simplicity.
The equations of motion for the electrons are then This equation can be solved in terms of elliptic integrals and inverted to yield z(t). Here, however, the intent is only to show that self-consistent orbits exist in the current channel and to compare the characteristic of these orbits with those seen in the simulation (see Fig. 5a ).
Electrons enter the current channel at z 0 with energy
where the inequality is used because energy acquired from the induced electric field has been neglected. In general, energy acquired from the induced fields The electron orbits shown in Fig. 5b can be used to explain the motion of the anode end of the current channel. On the generator side of the switch region electrons can enter the plasma from the anode behind the ion layer and the current channel. These electrons are initially bent away from the ion layer and current channel toward the generator by the magnetic field.
However, once in the plasma, they can E x B drift axially toward the load and thus into the ion layer. Near the anode the E x B drift is predominantly axial because the E z field must vanish at the conducting anode. The induced
Er then provides the axial drift. With electrons drifting into and neutralizing the ion space charge layer from the generator side, the electron current channel must move toward the load in order to maintain the space separation required for the proper E z .
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On the generator side of the current channel B -B 0t /T
The induced Er can be estimated using Faraday's law as Er-0 Z/cT, where C 1-a3z. The axial drift velocity then scales as E rc/B X /t. Thus the position of the anode end of the current channel,
shoul d have a logrithmic dependence on time. The position of the cathode end of the current channel is controlled by another mechanism. As seen in Fig. 4 , a dense layer of protons moves toward the load and controls the main emission site of the electrons and hence the current channel source. The motion of this channel source can be modeled using a piston or snowplow approach. This structure acts like a leaky piston because it appears to sweep up most but not all of the ions in its path and carry them along as it travels toward the load. A simple analysis of this structure in cylindrical geometry can be made.
Assume that the total current in the channel of width w is supplied by electrons of uniform density n(t)
traveling with the E x B drift provided by space charge separation. Then 1(t)
is given by Eq. (1) with n(a + 1) set equal to n(t) and r evaluated at the cathode. Ions are collected in the piston and are accelerated by the electric field in the channel such that
where M is the ion mass and x the distance travelled by the piston. This is equivalent to a simple J x B acceleration of the plasma as demonstrated by noting that enE = envDB/c = JB/c where vD is just the electron E x B drift velocity. Although there is charge separation in the piston (see Fig. 9b) , it is assumed that the ion and electron densities averaged over the piston width are roughly equal. Thus, the density of electrons and ions in the channel is only a function of the amount of ions swept up. It is also assumed here that only a fraction, a, of the ions crossed by the piston are swept up. This is the leaky piston assumption. Then the density of current carrying electrons can be written as
where no is the original plasma fill density.
Once the piston has begun to move, the electron current channel and the associated structures can be pictured as in Fig. 9b . Plasma with the original fill density, no, exists on both the load and generator sides of these *structures. The current flows diagonally across the plasma in the higher density or piston region where there exists negative space charge. On the generator side of this current channel an equivalent positive space charge is spread over the ion layer at high density (n.i > n e) and the depletion layer
The total width of the structure including the current channel, the ion layer, and the depletion layer is still -2w as defined in
Eq. (4).
Equations ( to its displacement xp(t) through
where 0 is the angle made by the piston with the cathode.
Results of the piston model will be shown for zc(t).
In order to test the validity of the piston model a problem is chosen where the motion of the anode and cathode ends of the channel are relatively decoupled. The best example is the C + problem after the anode end of the current channel has nearly reached the load edge of the original plasma.
Before this point is reached, the anode end of the current channel moves through the plasma producing little ion acceleration because of the large ion inertia (see Figs. 6 and 7) .
After the anode end slows down ( ' 4 ns), ion acceleration can occur relatively unaffected by the motion of the anode end.
Equations (16) The last physical process to be described involves the current transfer to the load. Most current carrying electrons cross to the anode in the plasma, however, some electrons can leak out into the vacuum region.
Electrons which exit the current channel at such an angle as to carry them into this field free region between the plasma and the load will follow ballistic orbits until striking a surface.
Ions are not present in this region to provide the E z field required for radial drifting. Some of these electrons reach the load and provide an initial load current. This load current then produces a magnetic field in the region on the load side of the plasma which begins to magnetically insulate more of the electrons from however, also has a strong effect on the time of opening. The longer the switch the longer it will take for the anode end of the current channel to reach the load end of the plasma. This scaling will be limited by J x 8 effects since the piston will eventually overtake the motion of the anode end of the current channel in a very long switch.
In future work, an investigation will be made of the presence of plasma instabil ities and anomalous resistivity in the switch plasma. Many instabilities cannot be simulated using the present code because of the assumption of azimuthal symmetry and the use of large mesh size and high plasma temperature. However, it may be possible to model these instabilities by introducing appropriate transport terms in the particle equations of Table 1 . 
